We have developed a numerical simulation methodology that is able to accurately characterize the focusing performance of aerodynamic lens systems. The commercial computational fluid dynamics (CFD) software FLUENT was used to simulate the gas flow field. Particle trajectories were tracked using the Lagrangian approach. Brownian motion of nanoparticles was successfully incorporated in our numerical simulations. This simulation tool was then used to evaluate the performance of an aerodynamic lens assembly that was designed to focus 3 nm spherical unit density particles following the guidelines described in 
INTRODUCTION
In paper I, we described the guidelines for designing aerodynamic lens systems to focus nanoparticles. We showed that lighter carrier gases helped to achieve larger Stokes numbers of nanoparticles, and that maximizing the operating pressure minimized the detrimental effects of Brownian motion. We also showed that a lens system having multiple aerodynamic lenses with sub-optimal Stokes numbers could focus smaller particles. Both theoretical and empirical relations were applied when we developed these guidelines. To validate these guidelines, one should carry out numerical or experimental evaluations. In this article, we describe a numerical simulation method that can accurately evaluate the focusing performance of aerodynamic lenses.
It is well known that Brownian motion is one of the major factors that limits the formation of nanoparticle beams with aerodynamic lens systems. There are several models in the literature that provide order of magnitude estimates of the particle beam width. Fernández de la Mora et al. estimated the effects of Brownian motion on beam widths downstream of a critical orifice (Fernández de la Mora et al. 1989 ). Fernández de la Mora further derived an asymptotic expression for diffusionlimited beam width in a periodic series of focusing lenses in the limit of Stokes number much smaller than unity (Fernández de la Mora 1996). Liu et al. developed an analytical expression for the diffusion-controlled particle beam width downstream of the accelerating nozzle assuming that all particles start from the axis with a frozen Maxwell-Boltzmann radial velocity distribution (Liu et al. 1995a, b) . However, diffusion effects were neglected in most numerical simulations of particle trajectories through aerodynamic lens systems (Liu et al. 1995a, b; Zhang et al. 2004 ). The only work that incorporated Brownian motion in particle trajectory calculations was that by Gidwani (2003) . Both Lagrangian and Eulerian approaches were used in that work to study particle focusing down to 10 nm. However, that lens assembly was not optimized for focusing sub-30 nm particles, and only the beam broadening inside the lenses was studied. The Lagrangian approach was followed to track particle trajectories in this work. We used a different integration procedure for the trajectory equation with Brownian force (Li and Ahmadi 1992) than the one used by Gidwani (2003) because it could be more easily incorporated with FLUENT, the CFD software used in this work.
In this paper, we apply this numerical simulation tool to evaluate the performance of an aerodynamic lens system. The lens system was designed to focus 3 nm spherical unit density particles following the guidelines described in Paper I (Wang et al. 2005) . Both diffusional particle loss and beam broadening inside the lens system and in the downstream expansion are addressed. Four critical performance characteristics of this lens assembly are discussed: particle penetration, beam width, terminal axial velocity, and divergence angle. We also compare the effects of carrier gas, particle density, and lens design on the focusing performance of aerodynamic lens systems.
NUMERICAL MODEL
The numerical model utilized the commercial CFD software FLUENT version 6.1.22. Under typical operating conditions 625 of aerodynamic lens systems, particle concentrations are low enough so that particle-particle interactions are negligible and the presence of particles does not affect the carrier gas flow field. Therefore, the particle-free gas flow (axisymmetric, steady, compressible, laminar and viscous) was first calculated by solving the Navier-Stokes equations. Then particles were introduced into the system to obtain their trajectories and velocities.
To study particle motion downstream of the accelerating nozzle, we included a vacuum chamber in our simulation. The pressure inside the chamber was assumed to be 1 Pa (with pressure outlet boundary conditions imposed at the boundaries of the chamber). A mass flowrate (2.98 × 10 −7 kg/s corresponding to 0.1 slm helium) boundary condition was applied at the inlet to the lens assembly.
Particle trajectories were obtained with the Lagrangian approach. To accommodate the effect of Brownian diffusion in Lagrangian calculations, one needs to add the random Brownian force to Newton's equations of motion along with the deterministic drag (friction) term. The Brownian force arises as a result of the collisions of molecules with the particles and acts for the time corresponding to the time of contact during a collision (∼picoseconds) (Chandrasekhar 1943; Grassia 2001) . On the other hand, the friction or drag forces act over a much longer time scale, which is of the order of the inertial relaxation time of the particle (∼microseconds). Thus, we have a situation in which the forces act on a broad range of time scales and the equations of motion cannot be solved practically using standard techniques such as molecular dynamics (MD) simulations (Allen and Tildesley 1987) . A "Brownian dynamics" method is usually employed to solve the Langevin equation effectively and economically. The essence of the Brownian dynamics simulation lies in the fact that it can handle forces with time scales separated by a few orders of magnitude, when one form of motion is much faster than another (Gupta and Peters 1985) .
The Langevin equation is simply Newton's equation of motion for the particle including inertia, friction, steady forces (absent in this study) and a random force that drives the thermal motion of the particle:
where u p is the particle velocity vector, t is time, F drag and F bi are the drag and Brownian forces per unit mass, respectively, and x is the particle position vector. Note that the gas flow was laminar and particles were assumed spherical in this study. Therefore, turbulent dispersion and lift force were neglected. We should mention that neglecting lift forces is appropriate for spherical particles, but could lead to significant errors for nonspherical particles (Liu et al. 1995a, b) . Because the Reynolds numbers of nanoparticles (Re p ) in aerodynamic lens systems are typically very small (Re p < 1), the drag force can be described by Stokes's law with the Cunningham slip correction (Hinds 1998) :
where µ is the dynamic viscosity of the carrier gas, d p is particle diameter, u f is flow velocity, u p is particle velocity, m p is particle mass, and C c is the slip correction based on local temperature and pressure. By default, FLUENT assumes a constant Cunningham slip correction factor for a given particle size when calculating the drag force with the Stokes-Cunningham drag law. The default Brownian force in FLUENT utilizes this constant slip correction (FLUENT 2003) . This assumption only works if the pressure and temperature along particle trajectories are constant. However, since there is significant pressure change in aerodynamic lens systems, the slip correction must be calculated using the correct pressure and temperature values along particle trajectories. We have used user-defined functions to calculate the drag force and Brownian force on particles.
The properties of the Brownian force per unit mass are described through the fluctuation-dissipation theorem (Grassia 2001 ) by a Gaussian distribution with mean and mean-square values given by:
where the angular brackets denote averages, k is the Boltzmann constant, T is the local temperature, f is the friction coefficient (Friedlander 2000) , t and t' are times, and δ(t − t) is the Diracdelta function.
To construct a computer simulation of the Langevin description, the delta function of the white noise needs to be replaced by a numerical representation as 1/ t (Grassia et al. 1995) δ(t − t) = 1/ t if t and t are in the time step t 0 otherwise . [6] Thus, the Brownian force per unit mass in direction i at each time step can be rewritten as (Li and Ahmadi 1992; FLUENT 2003) 
where G i represent zero-mean, unit-variance, independent Gaussian random numbers, and
Here ν is the kinematic viscosity, ρ is the gas density, and ρ p is the particle mass density. Time steps in this simulation need to be small enough so that the drag force is approximately constant during t, and therefore the error in integrating the Langevin equation is small. In this study the flow field was two-dimensional and axisymmetric. There was no flow in the azimuthal/tangential direction. However, in general, the random force has three components, corresponding to each of the three directions (x, y, z) in Cartesian coordinates. This implies that a three-dimensional study is required if one wants to have an accurate representation of the particle trajectories governed by deterministic and random forces, which would be computationally very expensive, especially for the flow field of interest, that is, the aerodynamic lens system. It was assumed that if there was no flow in the azimuthal direction, the trajectory calculation in the (x, r ) plane would suffice to give a statistically sound result for the width of the particle beam as the particles traverse the aerodynamic lens system. Hence, the random force was generated with components in axial and radial directions only.
To validate the user-defined drag and Brownian forces, we ran a simulation of particle transport through a tube with low pressure (300 Pa) and laminar flow without axial diffusion. The penetrations were found to agree (±7%) with those predicted by the Gormley-Kennedy equation (Gormley and Kennedy 1949) .
DESIGN OF AN AERODYNAMIC LENS ASSEMBLY TO FOCUS 3 NM PARTICLES
In this section, we describe the design of the lens assembly to focus 3 nm spherical unit density particles using the guidelines described in Paper I. We have shown in Table 2 of Paper I that with hydrogen, 3 nm particles could be focused to the lens axis with a single lens if diffusion is neglected. However, since hydrogen is flammable and potentially dangerous, we choose helium as the carrier gas. Although the minimal focusable size with a single lens in helium is 4.5 nm for spherical unit density particles, we can use multiple lenses operating at sub-optimal Stokes numbers to focus particles smaller than 4.5 nm. Using helium has the additional advantage of accelerating nanoparticles to higher axial velocities downstream of the nozzle compared to heavier gases, which reduces particle beam broadening in the vacuum chamber. The design process utilized the software for designing and evaluating aerodynamic lenses developed by the authors. Using the design procedure described in Paper I, we chose an aerosol flowrate of 0.1 slm and the pressure before the accelerating nozzle to be 100 Pa. We found that three lenses were sufficient to achieve a contraction factor of 0.025 for 3 nm particles when diffusion was absent. A schematic of this lens system with key dimensions is shown in Figure 1 . It is interesting to note that unlike "conventional" aerodynamic lenses, the lens apertures in this design increase from upstream to downstream. This is because the lenses were designed to operate with large pressure drops. The pressures downstream were lower, and thus larger orifice sizes were required to maintain the Stokes number at a specific value while retaining subsonic flow. The operating pressure, particle Stokes number at each lens and the corresponding contraction factor for 3-30 nm particles are given in Table 1 . Note that the total contraction factors of the three lenses are less than 1 except for 30 nm particles. However, later simulations showed that the pressure drops were slightly underestimated in this design calculation, and the operating pressures were 5-10% higher than the values given in Table 1 . This adjusted the Stokes number of 30 nm particles into a range where they could be focused. We should note that the concept of contraction factor is not valid for the nozzle in this case, because the pressure downstream of the nozzle is so low that particles travel rectilinearly. However, the nozzle contraction factors shown in Table 1 provide a qualitative indication of the particle divergence angle after the nozzle.
RESULTS AND DISCUSSION
The numerical model was applied to evaluate the performance of the lens assembly designed in the preceding section. The flow streamlines are shown in Figure 2a . The static pressure, axial flow velocity, and particle velocities for three sizes are shown in Figure 2b . Note that because the lenses were designed to operate at high subsonic Mach numbers, there is significant pressure drop across the lenses. The flow velocity increases to about the speed of sound within about one nozzle diameter downstream of the nozzle exit, and the static pressure drops quickly to the chamber background pressure. It should be mentioned that the flow Knudsen number based on the chamber diameter is on the order of 1 at the pressure of 1 Pa. Therefore, these solutions to the Navier-Stokes equations may not accurately represent the flow field in this low pressure regime. Fortunately, the flow field at this low pressure does not significantly affect particle motion, which is of most interest to us. Because the drag force and Brownian forces are negligibly small at this low pressure, particles essentially travel rectilinearly with their terminal velocities. only particles above the axis are shown. A mirror reflection boundary condition of particles was imposed on the axis. Note that a fairly tight particle beam of 1 nm particles can be generated with this lens system when Brownian diffusion is absent. However, most particles deposit onto walls due to diffusion before they reach the exit if diffusion is present. The single 1 nm particle that survived in this simulation travels in the vacuum chamber with a large divergence angle (defined as the angle between the final particle trajectory and the axis of the lens system). Diffusional broadening is still significant for 3 nm particles, but particles are consistently moved closer to the axis, and losses to the wall are substantially reduced. For particles larger than 30 nm, no significant difference is observable in particle trajectories when diffusion is absent or present. One can clearly see that larger particles (30 nm) cross the axis (shown as reflected from the axis) due to their high Stokes numbers. Many of the largest particles (50 nm) impact on the orifice wall and are lost. Figure 4 shows particle penetration through the focusing apparatus when Brownian motion is absent or present. To obtain statistically significant results, a total of 5000 particles were injected in a plane 10 mm downstream of the inlet, with particles distributed radially to provide constant particle flux. The penetration is defined as the ratio of the number of particles exiting the accelerating nozzle to the number entering the inlet. Note that the diffusional losses become significant for particles smaller than 10 nm. However, the penetration of 2 nm particles is predicted to be 56.3%, which is still much higher than predicted by the Gormley-Kennedy equation (12.8%) assuming that the apparatus can be modeled as a cylindrical tube. This is because the effects of inertial transport counteract the effects of diffusion to some extent. Note also that there is a sharp drop in penetration for particles larger than 40 nm. This arises from the fact that a large fraction of those particles are lost to walls.
FIG. 4. Comparison of particle penetration through the nanoparticle lens system when Brownian motion is included or absent and estimation using the GormleyKennedy equation (Gormley and Kennedy 1949) . Figure 5 shows the radial distribution of particles at the particle injection plane and the nozzle exit plane when diffusion is absent or present. The cumulative particle fraction (ordinate) was normalized to the total number of particles injected (5000). The particle radial location (abscissa) was normalized to inner radius of spacers (5 mm) for the inlet curve and to the nozzle radius (1.38 mm) for the outlet curves. We define the particle beam width as the beam diameter that contains 90% of total particles. Note that if diffusion is absent, this lens system can focus particles into a beam smaller than 1/10 of the nozzle diameter (2.76 mm) for 2-20 nm. The beam diameter is less than 1/1000 of the nozzle diameter for 10 nm particles without diffusion. Even though diffusion causes particle losses and beam broadening for small sizes, this apparatus still focuses particles in the range of 2-30 nm to some extent. It is interesting to note that diffusion leads to a 100-fold broadening of the particle beam for 10 nm particles, but the particle loss by diffusion is less than 6%. Figure 6 shows the evolution of the radial velocity distribution function for 2 nm particles at four axial locations: one nozzle diameter (d n ) upstream of the nozzle exit, at the nozzle exit, and 2 and 5.4 nozzle diameters downstream of the nozzle exit. The radial velocity distribution function f (v)dv is defined as the fraction of particles in the radial velocity range [v, v + dv] :
where dN is the number of particles in the velocity range [v, v + dv] and N is the total number of particles. The MaxwellBoltzmann velocity distribution of 2 nm particles of unit density FIG. 5 . Cumulative fraction of particles within the radial distance shown in the abscissa when diffusion is absent and when diffusion is present (R = 5 mm for the inlet curve, and R = 1.38 mm for the exit curves). For each particle size, results are shown for the inlet to the lens assembly and at the exit from the nozzle.
at 296.15 K is also shown in Figure 6 for comparison. Note that at one nozzle diameter upstream of the nozzle exit (−1d n ), the simulated particle velocity distribution is very close to the MaxwellBoltzmann distribution, indicating particles are in equilibrium with the fluid flow in the radial direction. Particles are accelerated towards the axis near the exit aperture, creating a wider velocity distribution at the nozzle exit. This inward acceleration is counteracted by the rapid expansion downstream of the exit, FIG. 6 . Evolution of 2 nm particle radial velocity distribution functions at four axial locations: one nozzle diameter upstream of the nozzle exit, at the nozzle exit, and 2 and 5.4 nozzle diameters downstream of the nozzle exit. Also shown is the Maxwell-Boltzmann velocity distribution function of 2 nm unit density particles at 296.15 K.
thus the velocity distribution narrows again. Note that the velocity distribution at 2 nozzle diameters (2d n ) downstream is approximately identical to that at 5.4 nozzle diameters downstream (5.4d n ). This is because the velocity distribution is "frozen" in the low pressure region due to low frequency of collisions with gas molecules. From the particle axial velocity evolutions shown in Figure 2b , and the radial velocity evolution in Figure 6 , we can see that it is reasonable to assume that most particles reach their terminal velocities at about 2 nozzle diameters downstream of the nozzle exit. The particle axial terminal velocities averaged over all particles exiting the nozzle are shown in Figure 7 . Note that particle velocity is a strong monotonic function of particle size. This is a desirable feature in many time-of-flight instruments that infer particle sizes from their velocities. It has been shown that if a capillary is used instead of a thin plate orifice as the accelerating nozzle, particle velocities are higher and less dependent on size (Mallina et al. 1997 ). This would be advantageous in some other applications such as micro-device fabrication (Di Fonzo et al. 2000) , since the higher velocities reduce flight time and therefore reduce the beam broadening downstream of the nozzle. Furthermore, higher velocities can decrease the impaction cut size. In this design, we have tried to focus particles as much as possible before they reach the accelerating nozzle so that the particle beam will not expand severely downstream of the nozzle. Particles may be further focused or defocused by the nozzle as indicated by the contraction factors shown in ter particles reach terminal velocities, their trajectories can be characterized by starting radial locations and divergence angles. Ideally, the divergence angle of a particle beam will be approximately constant only after all particles are moving away from the axis. However, this condition would require a very large computational domain. To get a simple estimate of the tangent of the divergence angles that contains 90% of total particles (which defines the diameter of the particle beam) we first calculated the radii of the particle beam at two planes with axial distances of 75.3 mm and 85.3 mm from the inlet, which correspond to 1.8 and 5.4 nozzle diameters downstream of the nozzle exit, respectively. Then we divided the difference of these two beam radii by the distance between the two planes (10 mm). We should note that divergence angles obtained in this way are different from those reported by Liu et al. (1995a) , who assumed that all particles are on the axis at the exit of the nozzle. In our calculation, the finite width of the particle beam at the plane of 1.8 d n downstream of the exit of the nozzle was accounted for. Furthermore, a fraction of the particles cross the axis downstream of the nozzle. These particles end at radial positions closer to the axis than if they had initially moved away from the axis at the same radial speed. Therefore, our divergence angles are somewhat smaller than those reported by Liu et al. (1995a) . Figure 8 shows the radii of particle beams for 1-60 nm particles at planes 1.8d n and 5.4d n downstream of the nozzle exit (a) with diffusion neglected and (b) with diffusion considered. Note that the curves in Figure 8a have a "U" shape. This can be readily explained by the relation between contraction factor and Stokes number (Figure 2 in Paper I). The difference in beam width at the two planes can be explained by whether or not particles cross the axis and where they cross the axis, depending on the competition between the particle inertial focusing at the nozzle and the outward acceleration downstream of the nozzle. A detailed explanation was given by Zhang et al. (2004) with the aid of representative particle trajectories. Although our situation is more complicated because we are tracking the whole particle beam instead of a single particle, we will not repeat the explanation for the sake of simplicity. The important point to note is that, by comparing Figure 8a and b, diffusion is the dominant factor that determines the beam width for particles smaller than 30 nm. The particle beam widths for these sizes increase about an order of magnitude when diffusion is considered. Figure 9 compares the particle beam divergence angles obtained from Figure 8 with those predicted by the Brownian limit (Equation (25) in Paper I). Although the gas temperature momentarily drops down to 225 K in the rapid expansion region, particle temperatures remain approximately constant (296.15 K) because the low gas pressure and short residence time in the cold region prevent significant cooling. A frozen temperature T pF = 296.15 K was assumed in the Brownian limit calculation. Note that when diffusion is absent, the particle beam divergence angles for small particles are much smaller than the Brownian limit. The larger divergence angles for the smallest and largest sizes are due to the poor collimation of these sizes at the entrance to the nozzle (too small or too large Stokes numbers). When diffusion is present, the divergence angles increase drastically as particles become smaller than 20 nm. As was shown in Figure 6 , the terminal particle radial velocity distribution is wider than the Maxwell-Boltzmann distribution. This indicates that the simulated particle beam divergence angles when Brownian motion TABLE 2 Dimensions and operating conditions of a "conventional" aerodynamic lens system (Liu et al. 1995b) and three nanoparticle lens systems for focusing particles of different density using different carrier gases is present should be wider than the Brownian limit. However, Figure 9 shows that the divergence angles of particles in the diameter range of 4-20 nm are smaller than the Brownian limit although they are very close. This is because the particles crossing the axis enhance particle concentrations closer to the axis according to our definition of divergence angle, as discussed in a previous section. Since helium is not necessarily the carrier gas in experiments, and particles are not always of unit density, we finally compare the focusing performance of various aerodynamic lens systems 634 X. WANG ET AL.
FIG. 10. Comparison of particle penetration through a "conventional" aerodynamic lens system and three nanoparticle lens systems for particles of different density using different carrier gases.
designed for focusing sub-30 nm particles of different density using different carrier gases. Nanoparticle lens system A uses argon as the carrier gas and is designed for unit density particles, while lens system B uses argon as the carrier gas and is designed for a particle density of 3.2 g/cm 3 . Lens system C is FIG. 11 . Comparison of the divergence angle of the particle beam generated by a "conventional" aerodynamic lens system and three nanoparticle lens systems for particles of different density using different carrier gases.
the one that is designed and described in detail in this paper. It uses helium as the carrier gas for focusing unit density spherical particles. The dimensions and operating conditions of these three nanoparticle lens systems are listed in Table 2 . Also listed is a "conventional" aerodynamic lens assembly (not optimized for nanoparticles) studied by Liu et al. (1995b) . Figure 10 compares the particle penetration through these four lens systems, and Figure 11 shows the divergence angles of particle beams generated by these lens systems. The first point to note is that although the "conventional" lens assembly has high penetration and low divergence angle for particles larger than 50 nm, it has the lowest penetration and the largest divergence angle for sub-20 nm particles among the four lens systems in comparison. This observation indicates that the lens systems designed according to our guidelines for focusing nanoparticles as described in Paper I (Wang et al. 2005 ) have superior performance to the "conventional" lens assembly for focusing nanoparticles. A close look at the divergence angles of the "conventional" lens system and nanoparticle lens system A shows that the divergence angle is reduced by more than 60% with nanoparticle lens system A for particles in the diameter range of 8-30 nm, while the reduction is less than 9% for particles smaller than 3 nm. Note also that the divergence angles of particles less than 5 nm are still more than 0.11 rad (6.3 • ) even with the nanoparticle lens system A. Meanwhile, both lens assemblies have penetration lower than 50% for particles smaller than 3 nm. The main reason of the nonideal focusing of sub-5 nm particles is the low particle inertia in the aerodynamic lenses with argon as the carrier gas. Since very little focusing is achieved, diffusion causes significant particle deposition. However, particle inertia increases with particle density. Therefore, better focusing can be attained for particles with higher density using the same carrier gas. Note that the nanoparticle lens system B, which is designed to focus particles of density 3.2 g/cm 3 , has much higher penetration and lower divergence angle compared to the other two lenses with the same carrier gas (argon). As was pointed out in Paper I, a lighter carrier gas is preferred for focusing nanoparticles. Clearly the nanoparticle lens system C with helium as the carrier gas has far better focusing performance for particles in the size range of 1-20 nm than the other two lens systems designed to focus particles of the same density. Further improvements in focusing can be obtained for particles with density greater than 1 g/cm 3 using helium as the carrier gas.
CONCLUSIONS
We described a numerical tool to characterize aerodynamic lens systems. This tool used the commercial CFD software FLU-ENT. The gas flow field was first obtained by solving the viscous laminar compressible Navier-Stokes equations. Particles were tracked with the Lagrangian approach assuming that the presence of particles did not affect the flow field and that there was no particle-particle interaction. User defined functions were used to calculate the drag force and Brownian force. This numerical tool was applied to evaluate an aerodynamic lens system designed to focus 3 nm spherical unit density particles.
The design of this lens system followed the guidelines described in Paper I (Wang et al. 2005) . It used three lenses in series to focus 3 nm particles with sub-optimal Stokes numbers.
The detrimental diffusion effects inside the lens system were minimized by maximizing the operating pressure, with each lens operating in subsonic flow but at higher Mach numbers. By using helium, higher axial velocities were achieved to reduce the beam broadening downstream of the nozzle.
Using numerical simulations we showed that there is a 5-10% underestimation of operating pressure in the design calculation, which results in a slight shift to larger particles for focusing. Particle trajectories, penetration, velocity, beam width and divergence angles were studied. It was found that although most 1 nm particles are lost to walls by diffusion, penetrations of 2-40 nm particles are from 56-99%, with diffusional losses dominant for particles smaller than 10 nm and inertial impaction losses dominant for particles larger than 40 nm. We also compared particle penetration through the lens system with laminar flow penetration through a cylindrical tube of the same length, flowrate and pressure. This comparison showed that the aerodynamic lens system drastically reduces diffusional losses by moving particles away from walls. An investigation of particle radial distribution at the exit of the accelerating nozzle showed that all particles from 2-30 nm are focused to some extent even when diffusion is included in the simulation. Particles achieve their terminal velocity distribution about 2 nozzle diameters downstream of the nozzle exit, and their rectilinear trajectories can be characterized by divergence angles. We found that for sub-20 nm particles, while the particle divergence angles that enclose 90% of total particle flux with this lens system are much smaller than the Brownian limit when diffusion is absent, the simulated and predicted beam widths are very close when diffusion is present.
We also compared the particle penetration and beam divergence angle of a "conventional" aerodynamic lens assembly (not optimised for nanoparticles) with lens systems designed to focus nanoparticles. The effects of particle mass density and carrier gas were addressed. We showed that lens systems designed following the guidelines described in Paper I perform better than the "conventional" lens system for nanoparticle focusing. We demonstrated that nanoparticles with greater density are easier to focus, and better focusing can be achieved with lighter carrier gases.
In conclusion, our numerical model successfully simulated particle motion in aerodynamic lenses. A case study of using this tool to evaluate an aerodynamic lens assembly designed to focus 3 nm spherical unit density particles verified that the design guidelines provide an excellent approximation to the more accurate results obtained by numerical simulations. The simulations also demonstrated that aerodynamic lens systems can be properly designed to focus sub-10 nm particles.
